Prasinoviruses are large DNA viruses that infect diverse genera of green microalgae 20 worldwide in aquatic ecosystems, but molecular knowledge of their life-cycles is lacking. 21
Introduction
The Mamiellophyceae is a class of eukaryotic unicellular green algae whose 43 phylogenetically diverse members have been particularly successful in colonizing the 44 world's Oceans (1, 2) . Their tiny cell sizes (3), global dispersion and ease of laboratory 45 culture (4, 5) render them attractive as models for interdisciplinary studies in marine 46 biology. In addition, the complete genomes of several species in the genera Ostreococcus, Bathycoccus and Micromonas have been characterized (6), permitting their detection in 48 metagenomic data collected in microbial fractions of environmental seawater fractions 49 (1) . Numerous species in this group of algae are infected by prasinoviruses (1, 7) , large 50 double-stranded DNA (dsDNA) viruses in the family Phycodnavirideae. While viruses 51
infecting Micromonas spp. have been known for some time (8), those infecting 52
Ostreococcus and Bathycoccus were discovered more recently (9-13). Several of these 53 prasinoviral genomes have now been characterized, and are typically about 200 kb long, 54 encoding about 250 genes. 55
In aquatic environments in general, viruses play an important role in regulating the 56 population of diverse phytoplankton, and affect carbon and nutrient cycling by lysing 57 susceptible host cells(14), but much remains to be discovered about their biology. In 58 cyanobacteria, for example, diurnal regulation of host cell lysis has been observed (15-59 viral growth in related prasinoviruses infecting Micromonas have been made previously 69 using a day-night cycle (20-27), and recently Demory et al (28) revealed temperature to 70 be a key factor in these interactions, but detailed molecular analyses were not the main 71 objective of these studies. In the present study, we aimed to re-examine growth of OtV5 72 in a more natural light regime (12h light / 12h dark) and to characterize gene expression 73 from the host and algal genomes by RNA-Seq transcriptomic analyses. 74
Results

75
Growth of host cells and virus after infection at different times. 76 A partial synchronization of O. tauri growth was previously reported under a 12:12 77 light/dark (L:D) cycle (29) . In these cultures, cells were in G1 phase during most of the 78 light phase and progressively entered in S phase and mitosis at the end of the day. The 79 division of the population occurred during a period of 2 hours before and 2 hours after the 80 light to dark transition. In such synchronized cultures, the effect of inoculating cultures 81 at different times during the day was thus tested in a preliminary experiment, to find the 82 best time to inoculate the cultures. For that purpose, O. tauri cultures were infected with 83
OtV5 every 2 hours during the light phase ( Fig. 1 ). Cell lysis was almost complete at the 84 end of the second day (36 hours later) when the infection occurred in the first 4 hours of 85 the light period. In contrast, when infection occurred later, for example after 10-12 hours 86 of light, no cell lysis was observed at 36 hours after the start of the experiment and lysis 87 was delayed until the next day. 88 Virus-host infection dynamics.
95
In order to have a complete viral lysis cycle within two working days, we infected cells 96 using a multiplicity of infection (MOI) of 10 per cell one hour after "dawn", giving 11 97 hours of light before the dark period. In these conditions, infected cells did not start to 98 lyse at 8 hours post inoculation (hpi) as observed previously under continuous light (9), 99 but remained intact until after "nightfall". Uninfected and infected cells started to divide 100 at 7 hpi, but cell growth in infected cultures was strongly reduced after 9 hpi (Fig. 2) . 101
Control cells divided 7-17 hpi, doubling in cell density, but only about 40% of infected 102 cells divided, reaching a maximum at 13 hpi, then declining slowly until 1 hour after 103 "dawn", when about 80% of the remaining cells lysed in the period 23-25 hpi 104 (Supplemental Fig. S1A ). By 27 hpi, the "infected" population was reduced to about 7% 105 of the control. 106 In inoculated cultures, given that the MOI was 10, we observed that most viruses 124 adsorbed to each cell immediately after inoculation, since the density of particles 125 measured by flow cytometry appears to drop to a tenth of that in the inoculum. Few 126 viruses were released from host cells by 9 hpi, but many more were released in the period 127 9-13 hpi, and the viral population continued to increase until the end of the experiment, 6 when the total number of virus particles was 25-30× higher than the number of host cells 129 inoculated at 0 hpi, in good agreement with the burst size of 25 calculated previously (9). 130
Differentially expressed host genes.
131
mRNAs of all samples were analysed using RNA-Seq technology and host and viral gene 132 expression was compared at each time point between control and infected cells. With the 133 parameters used in the analysis (see Methods), only 323 host genes were significantly 134 differentially regulated at any one time point using the chosen analytical parameters 135 ( Given the high number of sampled time points in this experiment (24 mRNA libraries 147 were sequenced), no replicates were done. To palliate this, only genes whose expression 148 was differentially regulated at two or more consecutive sampling times were retained. 149
Application of this criterion decreased to 92 the number of host genes which were 150 considered to be regulated ( Fig. 3 Most of them (72) were only up-regulated whereas 5 were only down-regulated. Fifteen 165 other genes were also regulated in the opposite direction at least once in the course of the 166 experiment, albeit 13 having a consecutive regulation at two successive times in the same 167 orientation (up-or down-) ( Table 1 ). Most of the regulated genes were individually 168 dispersed in the genome except for a cluster of 7 genes, including the nitrate/nitrite 169 transporter/reductase cluster previously described (30), and a group of genes on 170 chromosome 19 (see below). Among the 92 genes, 77 (80%) had a potential identified 171 function ( Supplemental Table S2 ), but no clear metabolic pathways could be identified 172 except for the nitrate/nitrite cluster mentioned above and present on chromosome 10 173 (Supplemental Fig. S2 ). This tandem organisation indicated a possible selective pressure 174 for optimization of nitrate uptake and assimilation by O. tauri, although experimental 175 evidence for such a coordinated expression of these genes is currently lacking. Supplemental Table S3 for a detailed list of genes). 211 212 Supplemental Table S3 213 Expression of OtV5 genes at different time points during the infection, grouped according their 214 expression profiles (see also Fig. 4 and Methods). The genes in TIRs (4 genes at each end of the 215 genome) showed no or negligible expression and were not included.
216
See Excel spreadsheet 217 Phase I from 0-9 hpi with low viral transcription (<6% of reads mapped to OtV5) 218 corresponding to the start of cell division before the light/dark transition and phase II 219 occurring after from 11-27 hpi with high viral transcription (up to 66% of reads mapped 220 to OtV5). During the first phase in the light, two clusters of phase I genes (clusters 3 and 221 1) stood out as more strongly expressed than others. Cluster 3 was strongest, concerning 222 genes mainly involved in controlling transcription initiation and nucleotide processing, 223 whereas cluster 1 contained a mixture of functions. Both of these clusters contained genes 224 involved in DNA replication. The majority of phase II viral gene expression can be seen 225 to occur probably when host DNA replication has been completed(29) at 13-23 hpi, in 226 clusters 2 and 6, whereas clusters 8, 9 and 10 contain genes that are highly expressed very 227 late in infection. Phase II also contains genes classically involved in late virus particle Table S3 ) whose function is not clear but which was also been reported to 239 be massively expressed in the closely related Chlorella viruses (31) . This gene was highly 240 expressed throughout the infection. Among the 8 major capsid protein (MCP)-like genes, 241 copies 1-7 began to be expressed late in the second phase, between 23 and 25 hpi, 242
whereas copy 8 was expressed earlier (Fig. 4 , Supplemental Table S3 ). 243
Several genes with similar predicted functions are present in both the virus and the host 244 genomes. The regulation of their respective expressions showed two patterns. The first 245 pattern showed highest expression of the host gene during the light phase and highest 246 viral gene expression in the dark, when the host gene counterpart expression was low. 247
The virus thus appeared to be autonomous for some of the functions necessary for its 248 growth in the night (Fig. 5 ). For example, this was observed for the two subunits of the 249 ribonucleotide reductase and for the DNA polymerase ( Fig. 5 ). In the second pattern, the 250 expression of the host genes was inhibited in the infected cells compared to the control 251 whereas the virus genes were expressed ( Fig. 5,) , again appearing as a compensation of 252 the host gene inhibition. This is illustrated by the asparagine synthase gene ( production about 24 h after infection. Furthermore, these authors showed that host cell 284 lysis was delayed in prolonged dark periods and confirmed their observations on host cell 285 densities and virus production using molecular probes. 286
In natural populations of phytoplankton as in culture, cell growth responds strongly to 287 light/dark periodicity (38, 46) . Our data support the notion that viral gene transcription is 288 rather quiescent during the day and increases rapidly at the onset of the dark when host 289 DNA replication is being completed, thereafter remaining strongly expressed. Many of 290 the genes that were significantly expressed in the quiescent phase are abundant in the 291 active later phases, suggesting that their quiescent expression may reflect to some extent genes for nucleic acid processing and transcription do appear to be more abundant than 294 other messages in the first phase ( Fig. 4, clusters 1 and 3 ), although these genes continue 295 to be expressed among the late genes. For example, transcription factor IIB (TFIIB), a 296 conserved gene in eukaryotes and many large DNA viruses that is part of the core 297 transcriptional machinery (47) was very highly expressed in the night (Fig. 5 ). In the 298 night, viral genes probably essential for the late stages of viral growth appeared to 299 compensate for gene functions that were normally turned down in the night, including 300 functions probably important for DNA replication and amino acid metabolism, while 301 transcripts likely encoding virion assembly and glycosylation were highest in the latest 302 time points ( Figs. 4 and 5) . Although only arginine synthase and proline oxidase showed 303 significantly different levels between control and infected at one time point 304 ( Supplemental Table S1 ), insufficient for our requirement of consecutive times, the 305 strength the coordinate swings in expression shown in Fig. 5 for 16 genes clearly 306
intimates that viral metabolism predominates, justifying our approach of numerous 307 sampling times. Some host amino acid synthesis genes normally expressed in the dark 308 were turned down in the dark in virus-infected cultures, but their viral counterparts were 309 then up-regulated ( Fig. 5 ). Viral proline oxidase was probably acquired from its host 310 genome (9), is known to produce ATP during stress responses in eukaryotes (48, 49), and 311 is a possible source of energy for the virus. Phosphofructokinase is a key enzyme 312 controlling the production of energy through glycolysis(50) and viral transcript levels in 313 the night rose to over an order of magnitude higher than those of the host (Fig. 5) . 314
Ribosomal RNA overexpression
315
Although our extraction procedure was designed to isolate polyadenylated messenger 316 RNA, some ribosomal RNA genes (rRNA), which are always abundant in RNA 317 extractions of active cells, were represented in our data. There is increasing evidence that 318 rRNA transcripts can be polyadenylated in eukaryotes, including algae in the same 319 phylogenetic order as Ostreococcus, such as Micromonas (51). rRNAs were 320 over-represented late in infection in O. tauri, compared with the control. At least three 321 explanations are possible for this. Firstly, it may result because the ribosome is a large 322 and relatively stable subcellular structure that might persist better than the other cytoplasmic RNAs during the late viral infection thereby preferentially protecting 324 ribosomal RNAs that lie buried within it. Much of the available cellular RNA pool is 325 likely to be used by the viral ribonucleoside-diphosphate reductase, an enzyme with two 326 subunits that all prasinoviruses encode, to permit synthesis of prasinovirus DNA. This 327 viral enzyme continued to be highly expressed during the night (Fig. 5) , when the 328 equivalent host genes were shut down. Secondly, an over-expression of ribosomal RNA 329 may be induced by the virus. U3, an RNA probably transcribed by RNA polymerase III 330 (52) and essential for the first step of pre-rRNA processing (53) is apparently 331 overexpressed during late viral infection. O. tauri RNA pol III is normally constitutively 332 expressed as it required for many basic cellular functions (54), and indeed there is no 333 significant difference observed in the expression of its controlling repressor, 334 ostta05g03220, that encodes the orthologue of Maf1(55). The apparent abundance of U3 335 suggests that it may not be dislodged from the ribosomal RNA for processing. The Table  340 S4). This would thus result in overproduction of unprocessed host ribosomal RNA 341 precursors, potentially providing OtV5 with a rich source of nucleic acids by their 342 degradation. Thirdly, in yeast, where the dynamic, energetically demanding and complex 343 process of ribosome biogenesis has been studied in detail (57), nutrient starvation or 344 stress are known to shut down the synthesis of ribosomes via the conserved global 345 regulatory TOR (target of rapamycin) pathway at the stage of initiation of transcription or 346 pre-rRNA (57, 58). However, in our system rRNA appears to accumulate and its 347 processing occurs in an apparently normal way up to 23 hpi (Supplemental Fig. S1 ). While our data favour the second hypothesis, further work is required to study this 360 process in more detail, since it may be a pivotal switch governing acquisition of sufficient 361 cellular metabolites to resource the biosynthesis of large viral genomes before the host 362 cell bursts. A least two of the control steps of host rRNA production might occur by 363 protein phosphorylation (phosphorylation of TOR by its controlling proteins either at the 364 stage of pre-RNA initiation or at a later stage (59)), and were out of the scope of the 365 current study. More precise analysis of processing at the 5' part of the pre-rRNA (the 366 position of U3 binding) would also be desirable. 367
Nitrogen assimilation
368
The uptake and conversion of nitrate to its reduced form required for synthesis of amino 369 acids is a complex and energetically demanding process (61). The expression of genes 370 involved in the assimilation of nitrate, the only source of nitrogen in our culture medium, 371 and many others of the N assimilation pathway, are strongly differentially expressed 372 throughout the course of infection, being firstly repressed, then induced and finally 373 repressed ( Fig. 3 and Supplemental Fig. S2) . These include numerous genes clustered 374 together on chromosome 10 and a few genes scattered on other chromosomes. This is 375 striking, because it is not related to the nitrogen sources available in the medium. In 376 addition, the none of the 3 cyclin-dependent protein kinase genes shown to be involved N 377 assimilation responses(62) showed differential expression, suggesting that this response 378 is not functioning. There is an adequate level of nitrate in the culture medium used, (no 379 ammonium provided in L1, see "Methods"), so nitrate uptake and nitrate reductase genes 380 should be highly active, as they are in the control. There are several possible 381 non-mutually exclusive reasons for this repression, which might either be initiated as a 382 host defence response or be the result of a virally encoded products influencing N 383 assimilation by this pathway.
Reduction of nitrate via nitrate reductase also leads to production of nitric oxide (NO)(63, 385 64), a signalling reactive oxygen species (ROS) active in diverse species (65, 66), 386 including algae (61) that is known to heighten the cellular defence responses of cells to 387 stress (66-68). It is required for resistance to viruses in of Arabidopsis (69) and rice (70) 388 and ROS are also known to modulate the response of E. huxleyi to viruses(45). Since the 389 Nitrogen and Carbon / Phosphorous ratio for small green algal structural and metabolic 390 requirements far exceeds that of the nucleic-acid rich large DNA viruses (71) and the cell 391 is doomed to lyse, it may be advantageous for the virus to divert the resources usually 392 used for protein synthesis towards nucleic acid synthesis, at the same time lowering the 393 chance of detection by NO signalling that would initiate host defences. If the TOR 394 complex is targeted by the virus as suggested above, and as shown recently in other host-395 pathogen systems (72, 73) this might also lead to TOR-controlled repression of the 396 nitrogen assimilation genes (74). The coordinated regulation that we observed suggests 397 the involvement of a global regulator, with opposing forces governing this control, 398 provoking a strongly fluctuating response. However, the recent demonstration that 399 certain prasinoviruses have acquired host genes that permit uptake of reduced 400 nitrogen(75) suggests that this resource may also be limiting during infection, and favours 401 the notion that suppression of NO signalling is the reason for decreasing the uptake of 402 nitrate. 403
Is the replicative form of OtV5 chromatinized?
404
In several other host-virus systems, chromatinization of viral DNA that enters the nucleus 405 is known to occur rapidly once the viral DNA enters the nucleus (76-78). The replicative 406 form of OtV5 has not yet been investigated, but it very likely has a nuclear phase during 407 its infection cycle as OtV5 lacks a DNA-dependent RNA polymerase to transcribe viral 408 genes (9). Herpes Simplex Virus (HSV) for example, is a dsDNA virus that probably 409 replicates in the nucleus and is packaged in capsids as a linear molecule in the cytoplasm. 410
During the HSV lytic cycle the viral genome circularizes and nucleosomes form along its 411 genome (79) in a highly dynamic way that is modulated by a viral transcription factor 412 (80). The strong induction of all host histone core genes observed throughout the OtV5 413 life-cycle strongly suggests that the OtV5 genome is chromatinized during replication of the viral genome, and that viral replication continues throughout the dark cycle, when 415 many photosynthesis-dependent host processes are shut down (81). Host 416 S-adenosylmethyltransferase, an enzyme required for the majority of processes that 417 modify DNA, RNA, histones and other proteins, including those affecting replication, 418 transcription and translation, mismatch repair, chromatin modelling, epigenetic 419 modifications and imprinting (82), was overexpressed in a similar way, suggesting that 420 any of these pathways might be induced during viral infection. Its continued expression, 421 also during the night, is likely necessary for the numerous pathways required for virus 422 production. 423
Induction of reverse transcriptase
424
The O. tauri reverse transcriptase gene ostta08g00390 was strongly induced (over 4 425 consecutive time points, and up to 420-fold at 13 h post-inoculation, (Fig. 3 , 426 Supplemental Table S2 ), during the period when cell division is expected to occur (at the 427 end of the day, from 2 h before dark then for the following 6 h). This gene is the 428 predicted replicase/integrase of a putatively complete type I transposon (30, 83, 84) that 429 is not usually active in healthy O. tauri cells. At 7-13 hpi we observed a strong increase 430 in the transcription of this gene. We hypothesize that the increase in transcription of this 431 reverse transcriptase may be activated by the cellular stress response caused by OtV5 432 attack, that may in turn activate transposition itself and the repeat retrotransposon in 433 miniature (TRIM) on chromosome 19, leading to chromosomal rearrangements and 434 possibly to activation of certain genes on chromosome 19 whose expression continues 435 late in infection in those cells that subsequently become resistant to viral attack. Yau contribute to the acquisition of viral resistance is not yet clear, and will be a subject for 445 future investigations. 446
Host genes induced very late
447
While most of the host and viral differentially expressed genes showed increased 448 transcription just after the beginning of the night time (Fig. 3) , a time when we expect 449 host DNA replication to be underway, surprisingly, a few host genes showed a second 450 period of induction very late in infection, during the 2 nd half of the night and morning of 451 the next day, 17-27 hpi. Since several of them were also observed to be induced in 452
OtV5-resistant lines of O. tauri (84) we compared the host genes identified in both 453 experiments as being differentially expressed. Twenty-six genes were found to be 454 differentially expressed at some stage in both of the analyses, and the expression of 11 of 455 them were strongly up-regulated in the last 13-27 hpi of the experiment. Since the 456 majority of these genes (6/11) were located on the viral immunity chromosome first 457 
503
For RNA extraction, 50ml of cells were harvested by centrifugation at 8,000 g for 20 min 504 at 20°C. The pellets were then flash frozen in liquid nitrogen and stored at -80°C. Total 505 RNA was extracted using the Direct-zol™ RNA kit (Zymo Research), and checked for 506 quality ( Supplemental Table S1B ). Selection for polyadenylated RNA, library preparation 507 and sequencing was performed commercially (GATC Biotech AG., Konstanz, Germany). 
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Transcriptome read pairs (fragments) were aligned using TopHat2 (92) Tables   907  908  Table 1 Supplemental Table S3 925 Expression of OtV5 genes at different time points during the infection, grouped according their 926 expression profiles (see also Fig. 4 
